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ABSTRACT 

Leachate recirculation in municipal solid waste 
(MSW) landfills is a relatively common 
operational method for managing leachate and to 
accelerate the biodegradation of MSW for 
enhanced gas production (and energy recovery). 
However, one of the key concerns related to the 
addition of leachate in landfills is the increase in 
liquid and gas pressures if the gas extraction 
system cannot keep up with the enhanced gas 
generation. Slope stability of the landfill can be 
jeopardized if the fluid pressures are excessive.  
Dual phase models are required to evaluate the 
fluid pressures in a landfill subjected to leachate 
or liquid injection and to design a gas extraction 
system that couples the effects of leachate 
recirculation. However, there is lack of validated 
dual phase models for such applications. Hence, 
we designed and fabricated a large-scale lab 
model, 86 cm long ! 30 cm wide ! 56 cm high 
and made of plexiglass, to simulate the 
hydraulics of subsurface liquid injection. This 
physical scale model was filled with poorly 
graded coarse Ottawa sand. The saturated and 
unsaturated hydraulic properties of the sand 
were fully characterized. De-ionized (DI) water, 
injected in a horizontal perforated pipe installed 
in the sand, operated at constant flux using a 
high precision miniature gear pump. A 3.8 cm 
thick drainage layer made up of pea gravel was 
placed at the lower boundary of the model to 
create a free drainage boundary. The sand was 
instrumented with pressure transducers to 
measure pressure heads and time-domain 
reflectometry (TDR) sensors to monitor water 
contents. The numerical model Transport of 
Unsaturated Groundwater and Heat (TOUGH) 
was used to predict the fluid pressures. TOUGH 
was able to predict the magnitude of the air 
pressure buildup as a result of liquid injection 

However, TOUGH was not able to accurately 
predict the duration of air-pressure dissipation. 

INTRODUCTION 

In 1976, EPA enforced RCRA subtitle D for 
MSW landfills in order to decrease groundwater 
contamination and minimize human health 
hazards. Consequently, to reduce environmental 
pollution and meet EPA compliance criterion, 
MSW landfill operators have adopted an 
innovative technology of leachate recirculation 
to manage landfill leachate (Benson et al., 
2007). Vertical wells, horizontal trenches, and 
permeable blankets are popular subsurface 
leachate-recirculation technologies to manage 
leachate by operating landfills as “bioreactors” 
(Reinhart, 1996; Haydar and Khire, 2005; Khire 
and Mukherjee, 2007). Bioreactor technology 
offers financial gain for landfill operators in the 
form of reduced offsite leachate treatment cost. 
Recently, significant research has focused on the 
design of these subsurface liquid-injection 
systems for landfills operated as a bioreactor. 
The underlying assumption in all these studies 
had been a  fully vented porous medium with the 
gas component as a passive phase (McCreanor 
and Reinhart, 2000; Haydar and Khire, 2005; 
Khire and Mukherjee, 2007; Jain et al., 2010)—
which may not be valid in real-life conditions. 
 
Under static conditions, the liquid within the 
solid-waste pores is in hydraulic equilibrium 
with the atmosphere. Waste produces methane, 
carbon dioxide, and xeno-biotic gases within the 
landfill (Barlaz et al., 2002). These continuously 
generated gases are unable to fully escape the 
solid-waste matrix unless the gas extraction 
system has an efficiency of 100%, contributing 
to a buildup of pressure within the landfill. For 
example, Dona Juana landfill failure (Merry et 
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al., 2005) was attributed to undissipated 
excessive pore-gas pressures within the landfill. 
Thus, geo-environmental designs that are unsafe 
due to ignoring the effect of gas components 
have resulted in unprecedented loss of human 
lives and public property. Scant literature is 
available on the design and operation of 
bioreactor landfills as a multicomponent, 
multiphase porous media. Hence, to study the 
pore-water pressure and gas-pressure 
distribution within a bioreactor landfill, we 
custom-built a large-scale landfill model to 
represent a leachate recirculation system. The 
model consisted of an 86 cm long ! 30 cm wide 
! 56 cm high plexiglass box (Figure 1). The box 
consisted of an injection pipe at the top and two 
exit outlet pipes at the bottom. The pipes were 
perforated for free flow of water. The bottom of 
the box was sloped at 3% to exit pipes. 
Additionally, piezometer tubes were installed at 
the exit pipes to measure the pressure head 

buildup in the leachate collection system (LCS). 
The water in the tubes always remained at zero 
level during the experiment, verifying a fully 
vented condition. Additional details of the 
laboratory model are presented in Mukherjee 
and Khire (2012). 

ELECTRONIC SENSORS 

Automated electronic sensors were installed to 
measure the pressure head and volumetric water 
content of porous media during the experiment. 
The electronic sensors consisted of (1) a liquid 
flow sensor, (2) pressure transducers with built-
in thermistors; and (3) time domain 
reflectometry (TDR-based) water-content 
sensors. Datalogger and multiplexer were 
programmed to automatically record data from 
the sensors at a constant time interval of 60 s. A 
detailed description of the sensors is presented in 
Mukherjee and Khire (2012). 

!
!

Figure 1. Large-scale leachate recirculation tank 
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Notes: 
1.Not to Scale. 
2.LCS = Leachate Collection System. 
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Table 1. Properties of soils used in the physical model (Mukherjee and Khire, 2012) 

 

Soil Type 

Grain Size Distribution Saturated and Unsaturated Hydraulic Properties 

D50 
(mm) Cu Cc 

!d 
(g/cm3) 

K 
(cm/s) "s "r 

# 
(1/cm) n 

Ottawa 
Sand 0.35 2.04 1.4 1.60 3.5x10-2 0.4 0.03 0.023 4.5 

Pea 
Gravel 2.84 1.68 0.96 1.55 2.0 0.43 0.01 0.45 3.3 

Note: D50 = diameter at 50% finer; Cu = co-efficient of uniformity;  
           Cc = co-efficient of curvature; !d = dry density; K = saturated hydraulic conductivity 
 
LABORATORY EXPERIMENT 

Materials 
To ensure homogeneity and isotropy of the test 
domain for the numerical model validation, 
uniformly graded Ottawa sand and washed Pea 
gravel were used in the experiment to simulate 
MSW and LCS, respectively. van Genuchten-
Maulem (van Genuchten, 1980) curve fitting 
parameters were used to characterize the 
unsaturated hydraulic properties of the sand and 
gravel as per the following equations. 
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where " = volumetric water content; "r = 
residual volumetric water content; "s = saturated 
volumetric water content; h= matric suction; #, 
n, and m are curve fitting parameters; kl (kg) = 
relative unsaturated hydraulic conductivity of 
liquid (gas) phase. The grain-size parameters 
and hydraulic characteristics of soils are 
presented in Table 1. 

Experimental Parameters 
Pea gravel simulating LCS was 3.8 cm thick. It 
was overlain by 46 cm of Ottawa sand. A 0.2 cm 

thick nonwoven geo-textile fabric separated the 
sand from the pea gravel underneath. The fabric 
prevented sand washing into gravel pores. The 
hydraulic conductivity of the fabric was 0.3 cm/s 
(ASTM D 4491). Eight pressure transducers 
were embedded in two vertical rows in the sand 
and gravel. Similarly, seven water content 
sensors were embedded in two vertical rows as 
shown in Figure 1. Note that the water content 
and pressure sensors were placed along the same 
horizontal plane. A small piece of geotextile, 
wrapped around the tip of each pressure sensor, 
prevented sand particles from falling onto the 
sensor diaphragm. The PVC injection pipe ran 
parallel to the width of the model, ensuring a 
uniform wetting front in the horizontal plane and 
a two-dimensional water injection event. De-
ionized (DI) water was pumped through the 
injection pipe with the help of a small DC pump. 
The voltage of the DC pump was adjusted to 
control the flow of water to a constant injection 
flux of about 5.3 L/min. Water exiting the 
landfill model through bottom pipes was 
collected in a reservoir tank and re-injected into 
the sand layer. 

NUMERICAL MODELING USING TOUGH 

The TOUGH code developed by Pruess et al. 
(1999) was used to simulate the two-phase 
hydraulics of the water-recirculation experiment. 
The landfill model was conceptualized as a two-
dimensional rectangular domain in TOUGH. 
Injection flux measured by the flow sensor was 
used as the time-varying source term at injection 
pipe. The bottom boundary was kept at constant 
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atmospheric pressure and at a fixed liquid 
saturation of 0.999. The bottom boundary with 
two perforated pipes (with the rest of the 
boundary being impermeable) could not be 
simulated in the version of TOUGH we used. 
The top boundary was defined as air permeable, 
maintained at a constant atmospheric pressure, 
and also water impermeable. All other 
boundaries were assigned as no-flow 
boundaries. Atmospheric pressure was assumed 

as the reference pressure. Isothermal conditions 
at 20°C were assumed. 

RESULTS AND DISCUSSION 

DI water was injected into the model at a 
constant flux of about 5.3 L/min. Electronic 
pressure transducers and TDRs were used to 
monitor the water pressures and water contents. 
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Figure 2. Measured (a); and simulated (b) pressure heads in recirculation experiment 
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Water Recirculation Lab Experiment 

The water-injection experiment lasted a total of 
two weeks. Immediately after the injection 
started, an increase in pressure was recorded by 
pressure transducers at all depths below the 
injection pipe as shown in Figure 2(a). For 
brevity, only pressure sensors located vertically 
below the injection pipe are discussed here. The 
water pressures at 10 cm and 20 cm below the 
injection pipe reached a maximum value of 2.5 
cm within 7 min. The pressures started to 
dissipate after 17 min and rose again gradually. 
Lower pressure was recorded at a depth of 30 
cm, with a maximum value of only 1.8 cm. 
Sensors at lower depths were closer to the 
bottom drainage boundary of the box and hence 
offered less resistance to entrapped air trying to 
escape the sand pores. Consequently, the lower 
sensor recorded lower pressures than the sensors 
near the injection pipe.  
 
The water-content sensors located at various 
depths reached a steady-state value after about 
11.5 days. The sensors located at 10 and 20 cm 
depths reached a maximum saturation of about 
90%, while the deepest sensor (40 cm) reached 
about 100% saturation in 11.5 days (Khire and 
Kaushik, 2012).  
 
The pressure heads did not completely dissipate 
till about 11.5 days after injection started (not 
shown in Figure 2). Mukherjee and Khire (2012) 
reported similar time frames for dissipation of 
air pressures for an experiment carried out using 
the same physical model. Wang et al. (1998) 
also reported an increase in air pressure and 
subsequent pressure drop to a minimal value for 
an air-confining infiltration experiment. The 
reason for such an air-pressure buildup has been 
attributed to the unconnected pores of the media 
and restricted hydraulic boundaries for an 
unrestricted exit of entrapped air in the sand.!

Numerical Modeling Results 

The EOS3 module in TOUGH considers air and 
water as active gas and liquid phase 
components, respectively. Hence, it was used to 
simulate the experiment. Figure 2(b) presents 
simulated pressure heads. TOUGH was able to 
capture the initial increase in pressure due to 

entrapped air, at all depths below the injection 
pipe. The simulated pressures increased to 0.8 
cm at 3 min and dropped to zero within 10 min. 
The simulated pressures, while lower, are still 
within the same order of magnitude as the 
measured pressures at the corresponding depths. 
TOUGH predicted an early dissipation of air 
pressure, whereas it took about 17 min to 11.5 
days for the air pressures to fully dissipate in the 
experiment (Khire and Kaushik, 2012). The 
reason for such a difference could be that dead-
end pores within the sand made the time to 
remove trapped air longer, resulting in higher air 
pressures for an extended period of time. In 
addition, with respect to TOUGH input, the 
lower boundary could not be simulated as the 
physical setup—it  consisted of two free-flowing 
perforated pipes, which is more restrictive for air 
flow than what was input into the model.  
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Figure 3. Water-phase diagram 

 
TOUGH considers air and water as two 
components present in both liquid and gas 
phase. The total gas-phase pressure is calculated 
following Dalton’s law of partial pressures: 
 

w
g

a
g

tot
g PPP +=                                                 (4) 

 
where, a

gP  = pressure in the gas phase due to air 

and w
gP = water vapor pressure. For unsaturated 

element volume, i.e., 0 < Sl < 1 (Sl = liquid 
saturation) where both liquid and gas phase co-
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exist, w
gP  is equal to saturated vapor pressure 

(2336.6 Pa at 20°C temperature) as per the 
water-phase diagram (Figure 3). 
 
The air pressure in gas phase ( a

gP ) is calculated 
by Henry’s law: 
 

a
lH

a
g XKP !=                                                 (5) 

 
where KH is Henry’s constant (assumed to be 
1010 Pa/mole at all temperatures, for air-gas 
interface in TOUGH). a

lX  is air mass fraction 

of the liquid phase defined by l
a
l MM /  ( a

lM is 
mass of air in liquid phase and lM  is total liquid 
mass) and is computed from mass-balance 
equations in TOUGH. 
 
As the water-injection event began, the air mass 
fraction in the liquid phase increased from 
1.5912E-5 to a maximum 1.5927E-5 at 3 min for 
all depths (Figure 4). a

lX  eventually decreased 

to a relatively low value below the initial 
condition of 1.5912E-5 at all depths, which 
resulted in below-atmospheric gas-phase 
pressures. 
 
With the onset of saturation at 7.5 min and 10 
min, the air mass fraction in liquid phase 
dropped steeply for nodes at 10 cm and 20 cm 
below the injection pipe, respectively (Figures 4 
and 5). On the contrary, a

lX   at 30 cm depth 
dropped to a constant value of 1.5908E-5, 
indicating a two-phase unsaturated condition. As 
calculated by TOUGH2, the value at 1 bar 
pressure and 20°C temperature is ~1.6!10-5. The 
unsaturated conditions at 30 cm depth and 
saturated conditions at 10 cm and 20 cm depth 
are also validated by the liquid saturation plot 
(Figure 4). Under saturated conditions, Darcy’s 
law was used to evaluate pressures from liquid 
discharge (mass), while for unsaturated 
conditions, a

lX  calculated at different depths 
was used by TOUGH to evaluate air pressure 
and total gas-phase pressures. 
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SUMMARY 

Single-phase and single-component models have 
been commonly used to design subsurface liquid 
injection systems in bioreactor landfills. The 
underlying assumption of a passive gas phase in 
such models results in underestimation of fluid 
pressures. To assess the suitability of two-phase 
models such as TOUGH, a large-scale 
recirculation experiment was conducted using a 
horizontal perforated pipe, with the experiment 
simulated by the TOUGH code. This study 
resulted in the following observations: 
 
1) TOUGH is able to simulate air-pressure 

increases in dry sand due to pressurized 
injection of water. TOUGH predicted air 
pressures relatively accurately. 
 

2) TOUGH is unable to model dead end pores 
and the vented-perforated-pipe lower 
boundary in the physical model. Hence, 
TOUGH was not able to accurately predict 
the duration of air dissipation observed in 
the experiment. 

 
Additional simulations using WinGridder are 
planned to simulate the lower boundary 
accurately.  
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